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I:ATIC::AL uaivsta COMMITTEE FOR AERMTAUTIOS 

ADVAHCS CCNFrDEPTIAI. REPORT 

ETT'SCTS 07 COHPRE'JSIBII.mr ON THE MAXIMUM LIFT 

CHARACri'ErtI3TICt  AND SPANWISE LOAD DISTRIBUTION 

OP A  12-I'OOT-SPAN PIGOTSR-flOTB WIKO CP 

NACA 250-3EKIS3 AIRFOIL SECTIONS 

By E.  0.  Pearson,   Jr.,  A.   J.  Evans 
end. P.  E. We at,   Jr. 

SUMMARY 

Force and pressure-distriVution measurements were 
made on a i'iphter-tyrie winf- model of ccnvoptional 
NACA 230-aeries airfoil sections in the Lar.gley 16-foot 
high-speed tunnel to determine the effects of comyressi- 
fcility en the maxituun lift characteristics and the span- 
wise load distribution. The range of angle of attack 
inventifater! was fron -10° to 24°. The Mach number range 
was from 0.20 to 0.70 at snail and. medium angles of attack 
and from 0.15 to 0.625 at very large anrles of attack. 

In the Mach number range from 0.15 to 0.55, the 
maximum lift coefficient first increased with increasing 
Mach number and then decreased rapidly after having 
reached a peak value at a Mach number of 0.S0. At i.lach 
nunberc higher then 0.55, the rate of decrease of maximum 
lift coefficient with Mach number win considerably reduced. 
At these higher speeds the lift coefficient continued to 
increase with angle of attrxl: well bf.yond the angle at 
«rich marked flow separation or stalling occurred, and 
the majciman lift coefficient was reacred at an^es 10° 
to 12° beyond the stalling angle. 

No significant cbfanres in the 3pan loud distribution 
were found to occur below the stall at any of the test 
speeds. '.Then the wing stalled at high speec.s, the 
resultant load underwent a moderate outboard shift, wliich 
resulted in increases in root bending ^o^ert up to about 
10 percent. 
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Wind-tunnel testa *f a reatangular wlnp of HACA OC12 
airfoil section (reference 1) 3hcved that the maximum lift 
coefficient reached a jeak valae at the lov; Mash number of 
0.19 and decreased ruridly as the Mach number M was 
increared from tMs value up to the highest Mach number 
of the tests (i.l *• 0.25) . Although these testa were 
necessarily li.i'.tited in scop?, they indicated the importance 
of a knowledge of the effect of compressibility on the 
maximum lift coefficient both in the estimation of the 
r.;aneuverint.; performance and loads of high-speed aircraft 
and in the- interpretation of »lad-tunnel maximal lift 
data as applied to the-prediction of slrpiene character- 
istics, at low speeds. 

Here- recent two-dimensional, wind-tunnel tests of a 
number of propeller-type Alrfolla over a relatively large 
Mach number ranpe (reference 2)  ahowed effects for the 
thicker airfoils similar-.to. those of reference 1 and in 
addition shoaed larre increases In the muximuin lift coef- 
ficient starting at Mach number? of ebcut 0.5. Flight 
tests of fighter airplanes reported in references 3 and 4 
showed larre decreases in the lift coefficient corre- 
sponding to the, stall-up to Mach numbers of about 0.6. 

A hirh-Fpeed wind-tunnel-investigation of a number 
of three-dimensional wings of different airfcil sections 
hap been undertaken to provide moro detailed information 
on the hifh-speed stalllnp phenomena. Measurements to 
determine the effect of compressibility on the spanwise 
load distribution were Included in the program because of 
the related Importance of the load distribution as a 
determining factor of the strength requirements of wings.- 
The present report fives the preliminary results of force 
and prersure measurements in the Lengley 16-fcot hifh- 
speed tunnel on the first of a series of wings. The 
model tested was b fighter-type wing having an aspect 
ratio of 6, a ta .er raci^ of 2:1, and conventional 
1,'AGii 230-series airfoil sections. 
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STfKBOM 

V 

a 

U 

P 

a 
R 

true airepeed. feet per second 

speed of sound in air, feet per second 

Mach nuirter  (V/a) 

air density, slurs per oubio foot 

dynamic pressure, pounds per s.u.re foot \$f* ) 

Reynolds nur.öer \       J 

coefficient of viscosity of air, .lug- per 
foot-second 

Tile forego!«* sy,bols represent the undisturbed 

stream values 

C 

D 

n 

y 

"c 

c 

t 

crosr-sectional area of the tunr.el at the throat, 

square feet 

equivalent diameter of the tunnel test section, 

<•« iß) 
vdnp area, square feet 

winf; span, feet 

spenwise distance measured from the plane of 
symmetry, feet 

airfoil chord at plane of nynmetry, feet 

mean chord, feet  (S/b) 

airfoil chord at any spanv;ise location, feet 

maximum thickness of airfoil section corresponding 
to the iiean cliord, feat 
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L 

5L 

n 

cn 

» c. 

Ao II 

*a V 

wing lift, rounds 

wins lift coefficient w 
section normal force (force per unit span), pounds 

per foot 

section normal-force coefficient (~ | 

load coefficient 

•winf. norvt-l-fovce coefficient 8 (AD 
corrected anrle of attach of the root section 

(section .'it the plane of symmetry), degrees 

angle-of-attack correction due to the jet 
fcoun*"&ry-induced upwash at the lifting line, 

degrees  (ö7.3 ö ^ a^) 

a function of the ratio cf wing  spun to  tunnel 

diameter    (ill + JL :£\4 + JL j'£.\° +   .   .   .    ) 
\t>L       IS  \I>)        64 \V) \) 

anrle-of-attack correction due  to the  jet 
bountiary-itiduced streoipllne curvature, 

degrees 

;-r 

APPARATUS AND METHODS 

A diagrammatic sketch of ire wing model ured in the 
tests Is given in figure 1. The principal dimensions 
giver, in the figure anJ other pertinent Information are 
given in the following list: 

COKFIDBOTIAIi 
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Span,  ft        12 
Area,   sq  ft        £4 
Aspect ratio     6 
Tope!? ratio ,   .     !?:1 
Geometric aid aerodynamic twist (washout), ueg . . .  -1,2 
Hoot section " *!ACA 23016 
Tip sect-ion   V.kOk  23009 
Dihedral (alonp. the 1/4 chord line) , deg    0 
2v/eepback (alone Ü» 1/4 chord line), deg ....  2.18 

The -.ving '.'»as of built-up steel construction and was 
machined in such a manner that surface elements connecting 
equal percentage-chord points of the root and tip sections 
were straight lines. 

Thirty-three pressure orifices were distributed over 
each of six wing sections, the sramise locations of which 
are given in figure 1,    The chorc'wlse distribution of 
pressure orifices tor-  a typical section is also shown in 
figure 1. The pressure tubes .vere brought out of the wing 
to multiple-tube Tonometers In the tent charber by means 
of the boom and movable 3trut arrangement shown In fig- 
ure 2. For the force tests the boom and strut were 
removed and the boom replaced with a short fairing, which 
is shown In figure 1. 

I 

The wing was mounted ct the tunnel center line on 
shielded struts having a thickness-chord ratio of 0.15. 
The thickness-chord ratio of the shields was 0.124.  'lg- 
ure 3 is a ph-tostraph of the wing mounted upright in the 
tunnel for the force tests. 

Vo<jt of the tent runs were made with the angle of 
attack held- constant while the tunnel speed we a varied 
from about 150 miles per hour to the maximum speed 
obtainable, which for «lag angles of attack between 0° 
and 4° was ap:roxl:.u-toly 520 miles per hour. The corre- 
sponding Mach number range waa from C.20 to 0.70, and 
the corresponding range of average heyn-ilds nurrber was 
from 3.0 x 10^ to B.l x 10G. Figure 4 jho?:i the varia- 
tion of average Reynolds nu+cr with Mach number. For 
very largfe Wing anrles of attack the maximua obtainable 
tunnel speed vas about 160 miles per hour, which corre- 
sponds to a Mach number of about 0.C25.  In the deter- 
mination of maxima» lift coefficients additional tests 
were -.lade with the tunnel speed held constant while the 
angle of attuck "»as varied in the region neir maximum 
lift. The geometric angle-of-attack range of the tests 
was from -10° to 24°. 

CONFIDEiTIAL- 
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In the  losd-d: etribution  teits  the  static pressures 
over the six wine sections, .is- indicated by  several 
multiple-tub« manometers,rare rectified photographically« 
The chordwise pressure distributions determined from 
these photographic records fere integrated r.iechanically 
to find the  pecti^n normal-force coefficients. 

C0RR3CTI0N3 

:: 
Force data.- The force data have been corrected for 

strut tare-?, faTr-stream misalir.ement, ard tunnel-wall 
effect". 

n 

J 

The strut tare forces were determ.ricd from tests 
with the wtrv; inverted with and without image support 
scruts installed. A photograph oi the inverted wing with 
the linage struts installed is given in figure 5. The 
largest increments of lift coefficient due to the support 
struts v;cre between 0.03 and 0.04. 

The effective mlsalinement aurle of the air stream 
was determined frem te^ts of the Wing upright and inverted 
with the image struts installed ana vrj.n  found to bö constant 
at 0.153 throughout the 3peed range of the tests. 

In order to prevent air leakage through the strut 
shields, thin rubber diaphragms were fitted around the 
basoe of the shields. An additional correction to the 
lift was ree-jsrltated because of a pressure differential 
across the diaphragm". This pre3Turc differential was 
measured durir.c the force te.^ts by reans of a micro- 
manometer, and a calibration ras r.:.-ice r/ith the winß 
rer.oved to determine the variation of lift f^rce with 
pressure differential. This correction was very smell 
in the rerinn of maximum lift (less than one-half of 
1 percent at all speed«). 

The effects of the tunnel walls were accounted for 
by the methods of references t,   6, and 7 ai follows? 
The principal part cf the anrrle-oi'-attack correction 
given in reference 5 is 

A"LL = £7.36^CL decree 

This equation is strictly valid only for the ct3e of an 
elliptical spanwise load distribution. A check calculation 
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by a more exact but more detailed procedure based on the 
experimentally deter.nir.ed g^tn loading revealed thut the 
error incurred by the use of the simpler forra was Redu- 
cible. At a »lug lift coefficient of 1.0 tee correction 
was 0.03°. 

An additional correction to the angle of attack 
due feo en induced curvature of the flow was calculated 
froa the equction 

läse =  -Ä l^VL /i M*- 

ihis equation i3 based on the original inco.mnres-'ible- 
flow derivation of reference 6. The modification 

/l - Jf2 is given in reference 5. This correction 
amounted to 0.16° at a lift coefficient of 1.0 and a 
Kaeh number of 0.6. 

Corrections to the stream velocity, dynamic pressure, 
and !i?ach number, and to the ffinf lift coefficient due to 
constriction effects were calculated by the riethod of 
reference 1.    The correction to the velocity is 

4V O.fibct 

n 

(BH)3/S (ft  _ ;gj3 4:r('/i - **? 
where    AV    is the effective incremental velocity due to 
constriction,    3    and    H    are the breadth and helfht of 
a rectangular tui.nel,  and    CD0    is the wing profile-drag 
coefficient.    Vhe two terms on the right of the equation 
give the velocity increments due,   respectively,  to  "solid" 
constriction and "wake" constriction.    Since the magnitude 
of the wi'ce constriction effect lo a function of the velocity 
loss in the rake »nr! the size of the lvaire,  the correction 
is expressed in terms of the profil'j-dra^ coefficient, 
•.vfcicfl is also H function of those quantities. 

Jib theoretical treatment of the problem of constric- 
tion effe:t? for a finite wing in a circular tiinr.el exists 
at the present  time,  ana the   foi-egoing relation wan thought 
to represent the beet available approximation.    As mrjclfied 
for the car.e  of the circular tunnel,  the equation became 

AV _ 
7 17* 

• .• • • . '^o 
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v/here H In this case is the average height of the tunnel 
in the region occupied by the wing. The constriction 
corrections to the dynamic pressure, Mach nunber (refer- 
•ir.r.0 Z), end v;ini- lift coefficient are £.8 follows: 

i. 

_ _i = ia 
f-L  q 

The correctiona «ere small for lo« angle 
the entire Vch number range. At a geometr 
aLtacTc of  4° and a Raaa nu-ber of 0.7 the c 
the lift coefficient and Kaon nunber ware, 
1.0 percent and 0.6 percent. At angle« of 
the stall where the drc£ becar.e very large 
a large wake), the corrections assumed none 
At u geometric angle of attack of 24° and a 
of <;.6 the corrections to the lift cooffici 
nur.:ber were *»2 percent and £.2 percent, re 

f attaol: over 
lc angle of 
corrections to 
respectively, 
att.uck above 
(Indicative of 
importance. 
tech nura'rer 

ent and i."aoh 
spectlvely. 

P:.'onaura-c* 1 «ifcributi on data.- The pressure-distribution 
data have been corrected far the principal effects of tJe 
support strut«- in that the free-stream values of .static 
pressure and dynamic pressure upon which the pressure 
coefficients vere t>used tern determined fror.-, a survey of 
the flow in the test section with the «support struts anc 
shields installed« Some snail lo^a] effect" cf the 
struts on the spanvise load distribution remain. These 
effects vd.ll be disputed in the section entitle.! "Results 
and Discussion." 

The effect of the tunnel walls on the spanwise load 
distribution was considered and found to be very ir.allj 
consequently, these data c? presented <*rc unecrreeled 
for tunnel-wall interference. 

f f 

RESULTS A3D DISCUSSION 

Y/lrif;  lift  characteristic'   (force  fce.-t  resi'lts) .- The 
lift cnarsatorJrti'cr o.   the \r:.r.r ;\r s. f:..nctl?n ofangle 
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of attack and Mach number are shown la fipures 6 and 7. 
Figure 6 is presented to Indicate by the scatter of the 
test pointa the precision with which the data were 
obtained, '''he rRtue  data with the te-.t-point symbols 
remover? and with the horizontal Dines ;:.rawn for constant 
and even va?ues of angle of attach are given in figure 7. 

The variation of maximum lift coefficient CiTlay 
with '!ach number is shown ir. figure 8. The maximum lift 
coefficient increase- with ircreasinr Hach nuxber uncJl 
a Mach number of about 0.30 is :-cacheci. ?hJ s increase can 
probably be attributec" to e. combination of ".eyriolds number 
and 'ach number effects; however, the Hevnolds number effect 
probably predominates in this re.'-lon. As the "ach number 
i3 Increased above 0.30, the maximum lift coefficient 
decreases at an increasingly rapid rate until a '»ach number 
Of about 0.55 is reached.  In the region between M ~  0.55 
and W = 0.625 the rate of decrease of maximum lift coef- 
ficient with Mach number is considerably :. educed. 

The lift-coeffielen!: curves of figure 7 are presented 
again in figure 0, plotted to a ooaraDn angle-of-attack 
scale to illustrate mere clearly the changing character 
of the stall a.r  the Maoh number is irevcared. AS the 
Mach number increase? above 0.3C the angle of attac": ?..t 
which the wing stalls progressively decreases; also, at 
Mach numbers below 0.55 the stalling angle srvl  the angle 
for maximum lift are approximately the same. At Mach 
numbers above 0.55, however, the maximum lift coefficient 
occurs at an argle of attack 10° to 12° higher than that 
at which pronounced separation of the flo1' begins. 

Thene data Indicate that for airplanes with w'ngs 
similar to the test wing there exists at high speeds a range 
of maximum obtainable lift coefficient. This ranre extends 
from the lift coefficient corresponding to the initial 
stall (such as shown by the. lower dashed curve of figure P) 
to that corresponding to the actual maximum lift coefficient 
of the wing. At the lower value of lift coefficient 
corresponding to the change in slope of the lift curves of 
figure ?*, increases in stability due primarily to decreases 
In downwash tnrle are likely to occur. It might be expected 
therefore that at high speeds the amount of elevator control 
available 'would bö an Important factor in determining the 
maximum lift coefficient obtainable (rafcrence 4).  Thus, 
an airplane with a limited amount of elevator control 
might be capable of reaching ;r, a;:.~le of attack only a few 
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öörrees above the -tall, and the nasimuia lift coefficients 
obtainable might bo only slightly greater than those 

resented by  the lower cashed curve of figure 8. Tall 
buffeting ir alro likelv to occur when the flow separatee 
frcn the wing, no that piloting technique cannot be ovar- 
loo'.--ed a," a possible determining factor. Fin"!!!', at very 
high Mach numbers it Is possible that actual instability 
night io encountered, in which case liigh angles of attack 
arid high 3ift? might be obtained inadvertently regardless 
of the control pov;er. 

ft 

S;janv?i3e '.'pad uisi-.Tvlbut'or .- ^pairai^e lo:'d distri- 
bution curves for • r.r""üjer of valuer of Tins normal-force 
coefficient and "ich number are shorn in figure lü. As 
mentioned previously the principal effect of the support 
struts (which is to increase the effective stream velocity) 
was accounted for by calibrating the tunnel with the struts 
installed The loca] effect of the struts is to reduce 
the lift at a given antrle cf attach by a small tuaount and 
to produce a slight distortion in the span loading. Xhis 
distortion may be seen 'is & dip in the curve; of figure 10 

near the spanwlee station fho lolid and JL = Ü.6E 

dasind curves of figure 10 rtpresent the loart distributions 
before and after the stall, respectively. 

The curves of fir-ure 11 euranarlae the changes in span 
loading that .-ere firnd to ccci-.r xt  tho higher te"st speeds. 
No significant changes in the »jan lor.äl.nr  were found to 
occur belov. the sta?l at any of the speeds oV the test, 
even when shoe!: waves were well established over the center 
pa^t of the wing. Cbar.^es in 1"hc sran loading were 
observed to take place above the high-speed stall, however, 
the center of load bein,-; rhii'ted outboard.  ?he'>e changes 
at the higher speeds were found to be moderate. Tho 
largest corresponding inorease in bending mov-ent at the 
root (for constant lift) was found to be about 10 percent 
nt a Mach number of 0.55 and a wing normal-force coefficient 
of about C.95. The changes in lead distribution due to 
stalling at low speeds were somewhat larger than those nt 
high speeds but are not of particular significance because 
tho total lift csn.iot be maintained beyond the stall. 

\-i' 

A comparison of the experimentally determines load 
distribution curves at M = CIO with those calculated 
by the nothod of rsferer.ee ö Is shown in figure 12 for 
values of wing normal-force coefficient of 0 end 1.0. 

I 
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The a-rreement  shown la  tyr-ical of that existing In the 
unstalled r>art of the 1.1ft curves. 

CONCLUDING ES::J<K3 

\. .nd-tunr.el testa of a tapered wing- of KACA E?C-3ories 
airfoil section? at Mach nuribers rtn^inj; fron 0.15 to 0.7 0 
have shown that: 

1. The maximum lift coefficient first increased with 
increasing Kach numb«».' up to a M>-.eh number of 0.3. As 
the Mach number ras increased above this v~lue the r,iaxi- 
mum lift coefficient decreased rapidly. 

C. A large reduction in the rate of decrease of i:.axi- 
taum lift coefficient with Mach number occurred in the 
Mach number ran;;e of 0.55 bo 0.625. The tunnel I'.acn nuricer 
of 0.6S5 was the highest value that could be obtained at 
the lrrre angles cf attack requisite for maximum lift. 

3. At i'ach numbers below 0.55 the angles of attack 
at which the maximum lift coefficient vas reached anc at 
which etailing occurred were approximately the same. At 
Mach numbers ibov«; 0.55 the angle of attack at v/nlnh the 
maximum lift coefficient was reached was 10° to 12° beyond 
the angle at 'which the wine initially stalled. 

4. '*o significant che.nres in the span load distribution 
occurred below the stall at any of the speeds tested. 

I 
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lift »a« about 10 percent and occurred at n !'ac'-! number 
of O.DC aar* st R wing nomal-foi-er coefficient of about 

Lan^ley Memorial Aeronautical Laboratory 
National .'.dvigory Coiuuitfcae for ; eroncutics 

Ltui5?lfly Firld,   Va. 
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